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Abstract

This paper describes a development cycle for the en-
gineering of large knowledge bases: A graphical tool
is used for editing and the content is transformed into
a logic-based representation language. This represen-
tation is used to check the consistency of the knowl-
edge base as well as to facilitate the reviewing pro-
cess. Showing the usefulness of this approach, aspects
of the Digital Anatomist Foundational Model will be
transformed into a Description Logics representation.
We introduce a special modeling technique to account
for the representation of the complex part/whole rela-
tionships in the biomedical domain.

INTRODUCTION

As more and more facts are gathered in the domain
of life sciences, so do biomedical concept systems
grow. The emphasis in most of these systems is on the
comprehensiveness of coverage; only a few formalize
concept representation. The UMLS [15] is a specific
example since it merges vocabularies which differ in
terms of conceptualization, resulting in poorly defined
semantics. This deficiency can be largely attributed to
the different contexts of its source vocabularies. How-
ever, there now is an increased trend towards strict se-
mantics, resulting in concept systems capable of sup-
porting formal reasoning [8, 14].

Physiology, pathology, molecular biology and other
subdomains are characterizable by the change they
inflict on underlying physical structure. Therefore
formal representation of the structural sciences (like
anatomy, structural biology) is particularly important.
So it is to be expected that an elaborated, common
structural model would facilitate the conceptualization
and representation of all biomedical domains. More-
over this constitutes a critical requirement for a princi-
pled representation of knowledge about diagnostic and
therapeutic procedures.

As a representation of anatomical structure, the Dig-
ital Anatomist Foundational Model (FM) [11] is out-
standing in respect to coverage and formal strictness:
It describes canonical anatomical knowledge using
rather precise semantics. The design of the model is
guided by the very tight formal Aristotelian principles
of genus and differentiae [5] (most prominently imple-

mented in the upper level ontology). Taxonomic and
partonomic hierarchies are strictly separated. Because
of its coverage (more than 67,000 concepts) and its de-
sign principles, the FM presents an ideal candidate to
be represented in a logic-based language.

Whereas the taxonomic structure of the FM may be
already interpreted in terms of a formal ontology, the
semantics of the relatiopart-ofandhas-partneeds to

be further refined. This is particularly desirable since
various fundamental properties of biological entities
(like contains has-functiofinteract with part / whole
relationships between concepts. Therefore, the expres-
sive representation of partonomy is of paramount im-
portance. As a consequence of the comprehensiveness
of the FM, ameliorating the part/whole relationships
proves to be a complex and challenging task: Small
changes of the partonomy may escalate throughout the
hierarchy and lead to arbitrarily complex results.

In this paper, we propose a development cycle suitable
for the engineering of large knowledge bases obey-
ing our principles of “single point of edit” and “min-
imum manual intervention”. Furthermore, we apply
this method to the Foundational Model and show how
to transform its taxonomy and partonomy into a rep-
resentation language with formal semantics based on
description logics (DL) [1]. We use a distinctive mod-
eling pattern to address the specific needs for repre-
senting part/whole relations.

DEVELOPMENT CYCLE

The engineering of large knowledge bases on code
level can be a daunting if not impossible task. To sup-
port the knowledge engineer in the process, we pro-
pose the following cycle (cf. Figure 1):

1. Concept Creation or Change
In order to effect all modifications in a precise man-
ner, the knowledge engineer must be able to identify
the context he or she is working in: Which con-
cepts are defined? Which relations hold between
them? This process can be facilitated if there ex-
ists a comprehensive graphical representation in-
cluding search and navigation facilities sufficient for
the task. However, significant advantage will be lost
if parts of the editing are left to be made outside this
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Figure 1:Development Cycle

environment because of lack of support. The “single
point of edit” provided by the environment should

not be compromised. We consider the kind of en-
vironment described a necessity for working with

large knowledge bases.

. Consistency Check

After changing or adding to the knowledge repre-
sented, consistency checks should be performed:
Semantic integrity is easily lost in large knowledge
bases, especially when role propagatiaong sev-
eral axes is involved. Therefore, we propose at
least semi-automatical checks by an inference en-
gine which can provide a status report. Thus, incon-
sistencies as well as terminological cycles will be
identified and can be corrected by iterating the first
step. It is also highly desirable to integrate these
mechanisms into the editing environment for auto-
matic consistency checks.

. Adequacy Check

For good reasons, implicit knowledge as well as
complete role propagation are usually not fully ac-
cessible in a knowledge editing tool. As these infer-
ences are prerequisites for checking the adequacy of
the representation entered, they have to be made ac-
cessible to the knowledge engineer: Any inference
engine used should provide a suitable display inter-
face to allow the analysis of all concepts and the
accuracy of their representation by the knowledge
engineer. Should the representation be incomplete
or inadequate, steps one and two might be repeated
until the results are satisfactory.

. Completeness Check

The criteria of adequacy being satisfied, the check
for completeness may take place in which the
knowledge engineer compares the coverage in the
representation with the domain to be described. The
display and browsing tools required for checking
adequacy may be used for this purpose. Eventu-
ally, the process results in a valid and comprehen-

Linheritance of roles along non-taxonomic axes [2]

sive knowledge base representing the domain of in-
terest.

If the transition between the steps described is well au-
tomated, it will be possible to handle large and very
large knowledge bases with “minimum manual inter-
vention”. The danger of losing track of the modifica-
tions can be minimized and their respective effects on
the representation can be controlled at the same time.
The merging of all steps into an editing tool would be
the ultimate solution. However, considering the com-
plexity involved with reasoning, online processing and
feedback seems rather unlikely for the time being.

PART / WHOLE REASONING

Although the FM represents the relatiopart-of and
has-part(calledpartin the FM) between its concepts,

it does not define the semantics of these relations for-
mally. We therefore propose the following axioms in
which A andB are concepts, andstanding for the re-
lation part-of or has-part

e ArBwill be interpreted a#\ C 3r.B?

e ris transitive. HenceA C 3r.B andB C 3r.C imply
ACdrC

e 1 isirreflexive and antisymmetric.

e Self references are disallowedl Brdr.Bis nota
valid expression.

2The DL constructors used in this article are a subset of
the standard DL language L C:

— Concepts and relations
— Taxonomic subsumptioriy), e.g.WomanZ Human

— Full existential quantificationd), e.g. Jhaspart.Nose
comprises all individuals which have at least 1 nose.

— Intersection 1), e.g. Woman 3haschildWomande-
notes all individuals which satisfy both of the criteria (in
this case a woman with at least 1 daughter).

— Union (), e.g. malel femaledenotes all individuals
which satisfy at least one of the criteria (male or female)
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Figure 2:Transformation of partitive information into taxonomieharchies using ePI§l andMC nodes are not shown for sake
of clarity). A depicts the relatiod C dpart-ofB, B this expression in a taxonomic representation and C hamsitivity can be

modeled by the use of ePlI

When looking more closely at part / whole relation-
ships, concepts may have different roles when partici-
pating inpart-of/has-partelations:

e AppendixZ dpart-of.Midgut
There exists anidgutfor every appendixand the
appendixis part of it — therefore, thenidgutis a
mandatory includer of anappendixas it can not be
found without amidgutit is part of. Changing the
view, theappendixis a specific componentof the
midgut If there is anappendixthere is anidgut

e BloodC Jhaspart.Erythrocyte
Blood always includeserythrocytes- erythrocytes
are amandatory constituent of blood as there is
no bloodwithout erythrocytes Vice versaploodis
aspecific includerof erythrocyteslf there isblood,
there are alwaysrythrocytes

The roles occur in mutually dependent concepts as
well (e.g.CellNucleusandNuclearMembrang

We introduce the following concept®d, Amc Asi,
Ani) as reificators:

o As., subsumer of thespecific componentsof A,
comprises all concepts whose instances are related
by part-ofto an instance oA\

e Anc subsumer of thenandatory constituentsof A,
comprises all concepts whose instances an instance
of Ais related to byhas-part

e A, subsumer of thepecific includersof A, com-
prises all concepts whose instances are related by
has-partto an instance oA.

e Api, subsumer of thenandatory includers of A,
comprises all concepts whose instances an instance
of Ais related to bypart-of.

This model, callecePI (extended part/include) is an
extension of the SEP triplet [2] and the Pl encoding
scheme [12].

One of the uses of this representation pattern is the
transformation of partitive relationships into simpler
taxonomic ones (cf Fig. 2):

BetaCellC dpart-of.Pancreas (2A)
is expressed by the following equivalent statements:
BetaCellC Pancreag:

Pancreas_ BetaCelly (2B)
By introducing

BetaCell. C Pancreasg.

Pancreag, C BetaCelli (2B)

specific components @etaCellare also classified as
specific components dPancreas as well as manda-
tory includers ofPancreasare mandatory includers of
BetaCell(Fig. 2C). This may serve to model the tran-
sitivity of part-of / has-partin DL dialects which do
not support transitivity natively.

Furthermore, other relationships can use these reifi-
cators to propagate along the part / whole axis (non-
anatomical definitions):

AlveolusC Jlocationo f.GasExchange
Alveolus, C dlocationof.GasExchange
AlveolusC dpart-of.PrimaryPulmonaryLobule
PrimaryPulmonaryLobul &

dpart-of.LobeOfLung

allows the deduction
LobeOfLung= Jlocationof.GasExchange

Using the modeling approach above, we are able to
account for the intricacies involved in the modeling
of partonomies in the biomedical domain at the costs
of four extra concepts per entity. Furthermore, it al-
lows one to grasp sets of concepts fulfilling restrictions
like "What has-part DNA?", "What parts does the arm
have?” or "Where may lymph follicles be found?” by
using the appropriate reificators. This is particularly
useful for the review of adequacy.

SFurther elaboration of these properties is beyond the
scope of this paper.
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KNOWLEDGE EDITING / IMPORT

We will now describe which tools are used in the im-
plementation of this development cycle:
Proteége-2000[6], a frame-based, modular, extensi-
ble knowledge-editor provides a graphical user inter-
face that supports the display of concept hierarchies
in a tree-like structure (as well as search and naviga-
tion facilities) and allows for inheritance of slots and
value restrictions. It is used to build as well as modify
the FM during the development cycle and provides the
“single point of edit” proposed.

The LOOM knowledge representation system [4] is
used as a Description Logics implementation because
of its maturity and its known capability for handling
large scale knowledge bases.

ONTOSAURUS presents the classified concepts in
the form of a web based interface to ease the evaluation
of adequacy and consistency. Tightly integrated into
LOOM, ONTOSAURUS shows a good performance
with large amounts of concepts.

To bridge the gap between Protégé and LOOM, we
developed a tool which allows to convert the knowl-
edge entered into DL-formalisms while restricting the
need of manual intervention to a minimum. It provides
means to introduce the elP pattern as well as filter
mechanisms for simple consistency checks. Reading
concept definitions from Protégé, we are able to gen-
erate code in several terminological languages such as
LOOM, FaCT [3] or interchange formats like OWL
and DIG.

VALIDATION / EVALUATION

Our work is based on a version of the FM dated
16.09.2002. We implemented the development cycle
in order to check the consistency and conceptual in-
tegrity; hereby focussing mainly on the partonomy.
Taxonomic integrity Is-a):

After transformation of 61,699 concepts and their sub-
/superclass relations into LOOM-code and subjecting
them to the classifier, no taxonomic cycles or inconsis-
tencies were found.

Taxonomic / Partonomic Integrity:

After modification of the transformation process to in-
clude thepart-of andhas-partrelations and mapping
them to the nodes of the ePI-model, about 280 cyclic
definitions were detected. In general, these cycles fall
into two categories: First-order and higher-order ter-
minological cycles.

“http://protege.stanford.edu
Shttp://www.isi.edu/isd/LOOM/
Bhttp://www.isi.edu/isd/ontosaurus.html
http://www.w3.0rg/2001/sw/WebOnt/
8http://dl.kr.org/dig/

First-order cycles are formed by one or two concepts,
and the relationts-a, part-ofand/orhas-part 240 cy-
cles belong to this category. Higher-order cycles in-
volve more than two concepts. They may come about
accidentally or suggest interesting partitive modeling
challenges. Among the cycles found (only the cycle-
forming relations given):

1. PiaMaterOfCerebralHemisphefe
Jpart-of.PiaMaterO fCerebralHemisphere

2. BoneOfRadiugC CompactBoneO fRadiyls
CompactBoneO fRadig$ BoneO fRadiug

3. SubdivisionO fCorpusCallosymnC=
IntercerebralCommissupg C
CorpusCallosumi =
PosteriorForce psO fCorpusCallosyic
SubdivisionO fCorpusCallosn

Example number one shows a concept which contains
a self reference and thus is rejected by the classifier.
Number two exemplifies the difficulties in modeling
partonomic hierarchies: The concepboneOfRadius
seems to comprise the entity “material which the ra-
dius is made of” and the entity “bone of radius”. Con-
sequently, it has to be split into two different concepts
to accommodate the two entities, or one of the relations
has to be removed. Number three is a showcase for the
problems arising in modeling large knowledge bases
- namely loosing track of the extensive interrelation-
ships. The largest taxonomical cycle found comprised
10 concepts. Every cycle found may be attributed to
conditions similar to these: It seems obvious that they
are not caused by lax modeling principles (in fact, ev-
ery cycle violated the modelling principles of the FM),
but are unavoidable when modelling very large knowl-
edge bases. Once located, the domain experts of the
Digital Anatomist group were able to correct these in
a very short time span.

DISCUSSION AND CONCLUSIONS

Several investigators have described the challenges in-
volved with the transformation of concept representa-
tions into a semantically rigid form: Pisanelli et al.
surveyed parts of the UMLS metathesaurus [7] and
represented them in DL, withoutimplementing reason-
ing mechanisms to account for partitive reasoning.
The importance of well-defined semantics and the ef-
fects of transition from one system to another were
demonstrated in a cross-validation study involving
GALEN and the Read Thesaurus [10]. Although the
DL dialect involved (GRAIL) supports special for-
malisms for reasoning with partonomies, the Read the-
saurus provided generic hierarchical information only.
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Therefore the expressiveness of GRAIL could not be
fully leveraged.

Schulz et al. [13] showed the necessity of a high de-
gree of manual intervention on code level, elaborating
on the transformation of UMLS concepts in the do-
mains of pathology and anatomy to a logic based rep-
resentation including some partitive reasoning. This
modeling approach included the representation of part
/ whole relations without accounting for the different
existential assumptions related to them.

Our approach tries to combine a comprehensive repre-
sentation of part / whole relationships with good sup-
port for the knowledge engineer (minimizing the need
for manual intervention on code level). The represen-
tation is able to express partonomies in a semantically
precise way, while using only a (relatively) inexpres-
sive dialect of DL. The cost is the proliferation of par-
tially redundant concepts.

As the demands on biomedical ontologies grow, we
believe that a stable structural foundation becomes
more and more necessary if not indispensable. Our
analysis suggests that the FM is a good candidate to
meet these requirements. To increase its expressivity
with respect to partonomic reasoning, we propose to
reevaluate theart-of andinclude relations: In most
cases, wherA C dpart-of.Bthere isB C Jhaspart.A

to be found as well. As the FM represents canoni-
cal anatomy, one may argue that almost every partitive
assertion is mandatory for parts and their respective
wholes. A body always has teeth and an appendix as
its parts. However, a “clinical anatomy ontology” must
be able to account for the absence of both. The inclu-
sion of existential assumptions would in turn benefit
the detailed modeling of physiological and other pro-
cesses using role propagation [9].

For a knowledge base of this size, the FM contains a
surprisingly small amount of terminological inconsis-
tencies. In addition to its well-defined conceptualiza-
tion rules, its consistency facilitates the transition to a
logic based representation.

Protégé proved to be a viable tool for creating and edit-
ing large knowledge bases with a high gain of clarity in
comparison with other methods of knowledge editing.
Nevertheless, there are still some performance issues
when working with very large knowledge bases.

The development cycle - incorporating the principle of
“single point of edit” - proved to be a viable way to
refine the FM with “minimal manual intervention”, al-
leviating the need of time consuming and error prone
code-level editing. In addition, the work reported in
this paper represents the first step towards the compre-
hensive formal representation of the FM, which may
serve as a prototype for similar construction of other
large (biomedical) knowledge bases.
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